Abstract: Photoelectrochemical (PEC) water splitting for hydrogen generation has been considered as a promising route to convert and store solar energy into chemical fuels. In terms of its large-scale application, seeking semiconductor photoelectrodes with high efficiency and good stability should be essential. Although an enormous number of materials have been explored for solar water splitting in the last several decades, challenges still remain for the practical application. P-type copper-based chalcogenides, such as Cu(In,Ga)Se 2 and Cu 2 ZnSnS 4 , have shown impressive performance in photovoltaics due to narrow bandgaps, high absorption coefficients, and good carrier transport properties. The obtained high efficiencies in photovoltaics have promoted the utilization of these materials into the field of PEC water splitting. A comprehensive review on copper-based chalcogenides for solar-to-hydrogen conversion would help advance the research in this expanding area. This review will cover the physicochemical properties of copper-based chalcogenides, developments of various photocathodes, strategies to enhance the PEC activity and stability, introductions of tandem PEC cells, and finally, prospects on their potential for the practical solar-to-hydrogen conversion. We believe this review article can provide some insights of fundamentals and applications of copper-based chalcogenide thin films for PEC water splitting.
Introduction
Solar energy is an inexhaustible natural resource, which can provide enormous power to meet the current and future energy demand of human society. However, solar energy has some drawbacks of low energy density, unstable intensity, and discontinuousness. Converting solar energy to chemical fuels seems to be promising for the efficient utilization of solar energy. Hydrogen, as a clean fuel, emits almost nothing other than water upon utilization, which neither leads to air pollution nor results in the emission of greenhouse gases. Due to its cleanliness, high energy density, storability, and transportability, hydrogen has been considered as one promising energy carrier to substitute electricity, and a so-called "hydrogen economy" can be expected [1, 2] . Meanwhile, hydrogen also plays an important role in the modern chemical industry such as the formation of methane, methanol, and even more hydrocarbons. If solar energy can be converted into hydrogen in a cost-effective and environment-friendly way, that will be of great meaning. Photoelectrochemical (PEC) water splitting using semiconductors is considered as the "Holy Grail" of solar energy conversion, which represents a promising path towards renewable and economical hydrogen generation using sunlight and water as the only inputs [3] [4] [5] [6] [7] [8] . The solar water splitting principle can be illustrated in Figure 1A . The photoexcited electrons and holes are first generated in the photoelectrode by absorbing photons with appropriate energy, and then transferred to the interface of the photoelectrode and the electrolyte to participate in the water reduction and oxidation reactions. The free energy change for the conversion of one molecule of H 2 O to H 2 and half O 2 under standard conditions is 237.2 kJ/mol, which corresponds to a water electrolysis potential of 1.23 eV, according to the Nernst equation. To accomplish the water splitting, the bandgaps of the semiconductors should be larger than 1.23 eV, and the conduction band edge and valence band edge should straddle the reduction/oxidation potentials of water splitting. Considering the overpotentials of the hydrogen and oxygen evolu- tion reactions, a much larger bandgap (ca. 1.7 eV) is desirable.
Since the pioneering work by Fujishima and Honda on TiO 2 photoelectrode for water splitting [9] , a number of different semiconductors have been examined in terms of their suitability as photoelectrode materials for water splitting, and the results obtained could be found in a number of excellent earlier and recent reviews [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Nevertheless, up to date, it has proven to be difficult to identify a single semiconductor that can harvest substantial solar light, own appropriate conduction, and valence band levels to drive the water reduction and oxidation reactions, and exhibit adequate stability in the harsh aqueous electrolytes. Since the water splitting process inescapably includes two separate half-reactions, it seems promising to use two semiconductor photoelectrodes for the separate oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), and integrated them into a tandem PEC cell for overall water splitting [21] . As illustrated in Figure 1B , upward (downward) band bending can be formed at the interface of n-type (p-type) semiconductor electrode and the aqueous electrolyte due to the equilibrium of Fermi levels. In this case, photoexcited holes in the n-type semiconductor electrode will migrate to the interface for water oxidation, while photoexcited electrons in the p-type semiconductor electrode will transfer to the interface for water reduction. As a consequence, n-type and p-type semiconductor electrodes act as photoanodes and photocathodes, respectively. Compared to overall water splitting, the thermal dynamic requirements are easier satisfied for the separate half-reactions, and only the conduction or valence band position should be considered for HER or OER. By combining suitable photoanode and photocathode together, substantial PEC water splitting without an external bias voltage can be expected in the tandem cell.
In the case of photoanodes for water oxidation, numerous n-type semiconductors have been investigated. However, comparatively, very little work has been carried out on p-type semiconductors as photocathodes for water reduction [22, 23] . The photocathodes based on ptype semiconductors can be cathodically protected from the photooxidation to some extent, because photoexcited holes would be transferred to an outer circuit before the photocorrosion due to the band bending at the photoelectrode/electrolyte interface and an applied external potential. Hence, the search for efficient photocathodes has not been limited to metal oxide semiconductors. In terms of practical applications, semiconductor photoelectrodes should necessitate high efficiency, long-term stability, low cost, and low toxicity. Copper-based chalcogenides, exhibiting p-type semiconductor characters, have been widely used for solar cells with high efficiencies (over 20%) and long-term stability due to narrow bandgaps, high absorption coefficients, and practical carrier-transport properties [24] [25] [26] . The excellent properties of these materials in the photovoltaic (PV) devices have promoted the utilization for PEC water splitting. In the past decade, various copper-based chalcogenide (e.g. CuInS 2 , CuGaSe 2 , Cu(In,Ga)Se 2 (CIGS), and Cu 2 ZnSnS 4 (CZTS)) films were examined as photocathodes for PEC water splitting [27] [28] [29] [30] . High solar-to-hydrogen (STH) conversion efficiency, good stability, and relatively simple and low-cost fabrication process have been achieved for these materials, showing great potentials for efficient PEC water splitting.
This review will focus on the recent development of copper-based chalcogenides for hydrogen evolution by water splitting using solar energy. The fundamental physicochemical properties of copper-based chalcogenides are evaluated. A wide range of copper-based chalcogenides as photocathodes have been studied for PEC water splitting. Several effective strategies to enhance the PEC properties have been reviewed. The tandem PEC configuration using copper-based chalcogenides are discussed for the efficient STH conversion. It is hoped that by the thorough analysis of light harvesting, charge separation, surface chemical reaction over copper-based chalcogenides films, as well as the optimization of their tandem PEC cells, this review will pave the way for constructing an efficient PEC system.
Crystal structure, defect state, and optical property
Copper chalcopyrite and kesterite semiconductors have been demonstrated to be active copper-based chalcogenides for PEC water splitting. They are usually p-type semiconductors owing to the intrinsic defects such as Cu vacancies, serving as photocathodes for water splitting. The copper chalcopyrite materials for PEC water splitting generally include ternary I-III-VI 2 (I = Cu; II = In, Ga; VI = S, Se) compounds, which are considered to be derived from a parent II-IV compound (such as ZnS) by replacing two group II atoms by one group I atom and one group III atom, as shown in Figure 2 [31] [32] [33] . The chalcopyrite crystal structure resembles the zinc-blende structure, where each of two group I and group III cations are tetrahedrally coordinated by four group VI anions [34] . The kesterite material for PEC water splitting is quaternary Cu 2 ZnSnS 4 (CZTS). As displayed in Figure 2 , the kesterite structure is achieved from a ternary I-III-VI 2 chalcopyrite system by replacing two group III atoms with one group II atom and one group IV atom [33] . For the quaternary kesterite semiconductor, similar tetrahedral crystal structure is maintained to the ternary chalcopyrite structure. The similar crystal structures from binary to quaternary semiconductors can facilitate the tuning of physicochemical properties by compositional control [35] . Relationship between binary, ternary, and quaternary semiconductors to produce CuInS 2 and CZTS, starting from a II-VI parent compound. Reprinted with permission from ref. [33] . Copyright 2012 WILEY-VCH.
Crystal defects are unavoidable in ternary chalcopyrite and quaternary kesterite semiconductors, and always correlated with their opto-electronic properties. Unlike the analogous II-IV binaries, chalcopyrite semiconductors appear to tolerate a large range of anion-to-cation off stoichiometry. It is relatively easier to form Cu vacancy (V Cu ) and cation antisite defects such as indium on copper site (denoted as In Cu ) in CuInSe 2 , and the large concentration of off-stoichiometry can result from the low formation energy of defect complexes such as (2V Cu + In Cu ) [36] . Meanwhile, the structural tolerance to large off-stoichiometry can lead to the generation of stable copper-poor compounds such as CuIn 5 Se 8 and CuIn 3 Se 5 [34] . Since there is one more element in quaternary kesterite semiconductors, a larger amount of possible intrinsic defects can be expected compared to ternary chalcopyrite semiconductors. It is reported that Cu Zn antisite defect as an acceptor is the dominant intrinsic defect in kesterite semiconductors due to its lowest formation energy. Other acceptor defects with low formation energy are the Cu Sn antisite and Cu vacancy. In general, the donor defects such as the Zn Cu antisite and S vacancy have higher formation energies [37] . The Cu Zn antisite as the most probable acceptor can explain why kesterite semiconductors always exhibit p-type character. The situation is different for the chalcopyrite semiconductors, where Cu vacancy is the lowest formation energy defect contributing to the p-type doping [38] . For both chalcopyrites and kesterites, deep defect states may act as recombination centers for photogenerated electrons and holes. However, the intrinsic defects can undergo self-passivation due to the formation of defect complexes. For CuInSe 2 and CZTS, the most important defects for carrier recombination are expected to be In Cu and Cu Zn , which can be, respectively, passivated by the formation of (2V Cu + In Cu ) and (Cu Zn + Zn Cu ) defect complexes.
The defect states are considered to play an important role in the performance of solar cells. For instance, the defect microstructure leads to the high efficiency of CIGS solar cells, and the best kesterite solar cell is based on the device with a Zn-rich and Cu-poor composition [33, 38] . Although the physicochemical nature of the defect states is not well understood at present, it is believed that the delicate control of the composition and defect states of copper-based chalcogenides is crucial to the PEC water splitting.
Most of copper chalcopyrite and kesterite semiconductors for PEC water splitting have narrow bandgaps such as CuInS 2 (1.5 eV), CuInSe 2 (1.0 eV), CuGaSe 2 (1.7 eV), CZTS (1.5 eV), enabling better harvesting of visible and even near-infrared light [32, 39] . The anomalously smaller bandgaps of chalcopyrite semiconductors compared to those of binary II-VI analogs should be attributed to a p-d repulsion effect [34] . Of particular importance, the bandgaps of such copper-based chalcogenides can be easily tuned by forming different alloy compositions, which allows for delicate control of the band structures for alternative solar-to-energy conversion configurations. As shown in Figure 3 , alloyed chalcopyrite semiconductors of Cu(In,Ga)(S,Se) 2 own the varied bandgaps in the range of 1.0-2.5 eV by tuning the In/(Ga + In) and S/(S + Se) molar ratios [40] , and the opto-electronic property is closely related to the composition. Additional significant advantages of these chalcopyrite and kesterite semiconductors are the direct bandgap and high absorption coefficient, which indicate that their films with thickness less than 1 µm can absorb a substantial fraction of the incident photons. Consequently, fewer materials are needed so as to decrease the manufacturing cost and reduce the device weight. Although most of the copper-based chalcogenide semiconductors have more negative conduction band edges for water reduction, their valence band edges are generally inappropriate for water oxidation. Therefore, a suitable photoanode should be coupled with the copperbased chalcogenide photocathode to generate a tandem system for PEC water splitting without the applied external bias.
Advancements in copper-based chalcogenides for PEC water splitting
In order to meet the practical water splitting, the copperbased chalcogenide photocathodes should necessitate high photocurrent, appropriate onset potential, and good stability. In the last decade, various copper-based chalcogenide materials have been developed for PEC water splitting. The half-cell solar-to-hydrogen (HC-STH) efficiency has been rapidly improved to 8.5%, and the most stable photocathode can last for 20 days without serious photocurrent decay. These results verify their attractive potential in PEC hydrogen production system. The following parts will be focused on the recent development of copper chalcopyrite and kesterite materials for PEC water splitting.
Copper chalcopyrite photocathodes
CIGS is one of the most examined copper chalcopyrites for PEC water splitting due to the tunable composition, structure and bandgap (1. photocathodes in 0.5 M sulfuric acid solution, and no major degradation was observed during the PEC testing. Due to better conductivity, electrodes with molybdenum back contact exhibited superior performance compared to those with SnO 2 : F back contact [42] . Jacobsson and coworkers declared that the PEC property of CIGS photocathode could be significantly improved by using a solid state p-n junction for charge separation and a catalyst for surface reaction. A photocurrent of 6 mA/cm 2 was demonstrated for the water reduction. However, the stability of CIGS photocathode in water turned out to be a problem [43] .
The PEC reaction conditions have a great influence on the properties of CIGS photocathodes. Domen's group compared the PEC activities of CIGS in 0.1 M Na 2 SO 4 solution with different pH values, and the electrolyte with the pH of 9.5 was the optimal one. By depositing CdS to form a p-n junction and Pt as a HER catalyst, the activity of CIGS could be significantly improved [44] . Further, much higher photocurrent could be achieved in a phosphate buffer electrolyte as a result of the stabilized pH near the electrode surface and the reduced chemical bias. As presented in Figure 4A and 4B, the HC-STH efficiency of Pt/CdS/CIGS photocathode reached a maximum of 5.4% at 0.30 V RHE even under neutral conditions. By additional surface modification with a thin conductive Mo/Ti layer, the acquired hybrid Pt/Mo/Ti/CdS/CIGS photocathode exhibited a significantly improved photocurrent, corresponding to a HC-STH as high as 8.5% at 0.38 V RHE . This efficiency exceeded the previously reported values for photocathodes based on polycrystalline thin films. A proposed mechanism for hydrogen evolution on the surface of the irradiated photocathode with the conductor layer was illustrated in Figure 4C . On one hand, the excellent conductivity of the Mo/Ti layer could accelerate the migration of photogenerated electrons to the HER sites. On the other hand, the Mo layer and Ti layer might respectively form intimate contacts with the Pt particle and the underlying CdS/CIGS, which were also beneficial to the charge transfer. Despite a gradual decay, the hybrid Pt/Mo/Ti/CdS/CIGS photoelectrode generated an impressive photocurrent over a period of 10 days under simulated sunlight [45] .
In order to realize the commercialization of CIGS thinfilms based devices, seeking an economical and scalable fabrication method is indispensable. Electrodeposition, as a promising non-vacuum route, is easily amenable for achieving large-area films of high quality with high rate deposition and efficient material utilization. Mandati et al. employed a simplified sequential pulsed current electrodeposition and a separate selenization step to fabricate CIGS thin films, which could avoid the formation of impurities in CIGS samples. Characterization of annealed films revealed that a single phase chalcopyrite CIGS film with a compact morphology and well-controlled composition was prepared. A photocurrent density of 0.8 mA/cm 2 at 0.4 V vs SCE was obtained for water reduction, which indicated the potential of this simplified preparation method for the efficient PEC water splitting [46] . Although CIGS thin films with a typical bandgap of approximately 1.2 eV have shown high photocurrents, substantial external voltage bias is always required to sustain the high photocurrent due to the shallow valence band maximum (VBM). Therefore, CuGaSe 2 with a wider bandgap of ca. 1.65 eV and a more positive VBM has been investigated as an alternative for PEC water splitting. Marsen and coworkers fabricated polycrystalline CuGaSe 2 thin films with nearly stoichiometric composition by a vacuum co-evaporation. The obtained electrode exhibited a photocurrent of 13 mA/cm 2 under the outdoor 1-sun illumination. Spectral response result showed significant incident photon to current efficiencies (IPCEs) throughout the visible spectrum, with the maximum of 63% at 640 nm, and the stable photocurrent output could last for 4 h [47] . Besides the vacuum-based synthetic method, a facile particle transfer method was introduced to prepare copper gallium selenide (CGSe) films with different Ga/Cu ratios. CGSe particles with a Ga/Cu ratio of 2 yielded the highest cathodic photocurrent. Through surface modifications, both the photocurrent and onset potential were significantly increased by 12.4 times and 0.40 V (0.81 V vs RHE). The hybrid Pt/CdS/CGSe electrode could steadily contribute to the stoichiometric hydrogen evolution from water splitting for 16 h under visible light irradiation [48] . CuInS 2 with the bandgap of 1.5 eV, as a typical copper chalcopyrite, has received particular interest for solar energy conversion due to the absence of highly toxic Se. It is also of great interest that CuInS 2 films with high quality can be fabricated through facile non-vacuum deposition techniques. Ikeda and coworkers prepared polycrystalline CuInS 2 films by sulfurization of electrodeposited Cu and In metallic precursor. PEC characterization revealed that the film was suitable for water reduction, but not for water oxidation. Upon the surface modification with CdS (ZnS) and Pt nanoparticles, appreciable H 2 production was achieved with IPCE as high as 20% in the wavelength range from ca. 500-750 nm [27] . Zhao et al. used the similar method to prepare porous CuInS 2 films. Modification with n-type CdS and TiO 2 thin layers significantly increased the photocurrent and onset potential. A maximum solar conversion efficiency reached 1.82% at + 0.25 V RHE , and the IPCE was 62% in the 500-700 nm range at 0 V RHE [49] . Grätzel's group introduced a low-cost solution-based method to transform Cu 2 O into CuInS 2 film for water splitting. As shown in Figure 5A , the photocurrent of the bare CuInS 2 film was very poor. After coating of CdS, aluminum-doped zinc oxide (AZO), and TiO 2 overlayers, together with Pt catalyst, the as-prepared hybrid electrode demonstrated a photocurrent of 3.5 mA/cm 2 ( Figure 5B ). IPCE measurement showed the spectral distribution of the photocurrent generation ( Figure 5C ), revealing a broad response of the CuInS 2 -based photocathode. The stability test in Figure 5D revealed that 80% photocurrent retention could be obtained under chopped illumination for 2 h, indicating the effectiveness of the protection strategy [50] .
Kesterite photocathodes
Although high PEC properties have been obtained over copper chalcopyrite photocathodes for water splitting, the scarcity of indium and gallium in most examined copper chalcopyrite electrodes inevitably increases the manufacturing cost and restricts the large-scale application. Kesterite CZTS, as a p-type semiconductor, has been considered as one of the most promising light- absorbing materials instead of copper chalcopyrites due to its narrow bandgap (~1.5 eV), high absorption coefficient (> 10 4 M −1 cm −1 ), low toxicity, and elemental abundance [51] [52] [53] . Power conversion efficiency of 8.5% was achieved for CZTS-based solar cell, and an efficiency of 12.6% has been reached by partially replacing S with Se [24, 54] . However, related studies using CZTS photoelectrodes for water splitting were only reported in recent years. Domen's group first reported using CZTS deposited onto Mo-coated soda-lime glass substrates by means of magnetron co-sputtering for water splitting. The obtained CZTS electrode generated cathodic photocurrents, indicating the p-type character. Although the IPCE of single CZTS was only 0.01% at 600 nm under an applied potential of −0.24 V vs RHE, the efficiency could be significantly improved to 40% at 600 nm by the modification with CdS, TiO 2 , and Pt. The STH conversion efficiency reached 1.2% [30] . In order to decrease the fabrication cost, various nonvacuum deposition techniques have been developed to prepare CZTS photocathodes. Zhang et al. developed a facile method to synthesize CZTS photocathodes via electrodeposition of metal precursors followed by sulfurization. By optimizing the sulfur partial pressure in a semiclosed system during the sulfurization process, the PEC performance of CZTS photocathodes can be significantly enhanced. The restraining of Sn volatilization and the increasing S penetration in the semi-hermetic system should account for the increased property [55] . Rovelli et al. investigated the optimization and stabilization of electrode- posited CZTS photocathodes for PEC water reduction. The CZTS photoelectrode was first modified by a CdS buffer layer to improve the charge separation, and then was protected by the overlayers of AZO and titanium dioxide. The overlayer coating not only led to the improved activity owing to favorable interface formation with n-type ZnO and TiO 2 , but also significantly enhanced the stability of the photoelectrode due to the deposition of a conformal, pinhole-free protection layer [56] . Chen et al. provided a facile solution-based route to prepare compositiontunable (Cu 2 Sn)xZn 3(1−x) S 3 (0 ≤ x ≤ 0.75) photoelectrodes based on CZTS materials. (Cu 2 Sn)xZn 3(1−x) S 3 nanocrystals were first prepared, and then deposited onto the substrate via an electrophoretic deposition process ( Figure 6A ). As observed in Figure 6B , (Cu 2 Sn)xZn 3(1−x) S 3 films with varied compositions were fabricated, showing different optical properties. The side-view FESEM image in Figure 6C indicated that a dense nanocrystal film with high quality was acquired. The PEC properties of (Cu 2 Sn)xZn 3(1−x) S 3 films with p-type character have been investigated under water-splitting conditions. As displayed in Figure 6D , the photocurrent varied as a function of the chemical composition. The obtained (Cu 2 Sn) 0.45 Zn 1.65 S 3 (x = 0.45) film showed the highest photocurrent due to its suitable band structure, morphology, and smallest compositional deviation [57] . In addition, Wang and coworkers presented a facile spin-coating method to prepare well crystallized and compact CZTS thin films for PEC water splitting. The bare CZTS photoelectrode demonstrated outstanding PEC performance and chemical stability, which could be further enhanced by surface modification with CdS and TiO 2 layers using chemical bath and atomic layer deposition. Especially, the TiO 2 layer not only promoted the charge transfer to improve the photocurrent, but also protected the CZTS film by separating it from the electrolyte [58] .
Recently, Jiang et al. used an In 2 S 3 /CdS double layer to modify the CZTS thin film for PEC water splitting. As shown in Figure 7A , Compared to a Pt deposited CZTS film (Pt/CZTS) and a CZTS film modified with a CdS single layer (Pt/CdS/CZTS), the Pt/In 2 S 3 /CdS/CZTS hybrid electrode showed a significantly improved cathodic photocurrent. The highest HC-STH of the prepared Pt/In 2 S 3 /CdS/CZTS electrode reached 1.63%, which is a record value for the CZTS-based photocathodes ( Figure 7B) . Meanwhile, the deposited In 2 S 3 layer could effectively stabilize the CZTS- With the increased Ga/Cu ratio, the bandgap became larger and the VBM position became more positive. The optimal photocurrent and onset potential were achieved with the Ga/Cu ratio in the range of 3-3.5. Ptdeposited CGSe electrode with the Ga/Cu ratio of 3 showed an energy conversion efficiency of 0.35% and an onset potential of ca. 1.1 V vs RHE. The relatively large onset potential indicated that only a small external bias voltage is needed for PEC water splitting, and the CGSe photocathode is feasible for a p-n tandem PEC cell under zero bias voltage [61] . Subsequently, they investigated the influence of film deposition conditions on the structural and PEC properties of CGSe thin films. By tuning the flux ratio and the partial pressure of hydrogen during vacuum co-evaporation, varied surface morphology, composition, crystallite size, and photocurrent density of the CGSe thin film could be obtained. SEM images of CGSe films grown without and with hydrogen introduction were presented in Figure 8A and 8B. Hydrogen introduction gave rise to a coarser surface, which might result from the effect of the enhancing growth of the (112) plane. Figure 8C showed the variation of the STH conversion efficiency with the introduced hydrogen pressure during CGSe film growth. It was observed that with increasing hydrogen pressure, the STH values increased remarkably after ZnS modification. Hydrogen introduction during CGSe film growth improved the crystal quality, which consequently, resulted in ZnS/CGSe photoelectrodes with a higher water splitting efficiency [62] . [65] . By the partial replacement of In in CuInS 2 with Ga, alloyed Cu(In,Ga)S 2 compounds can be achieved, giving rise to the composition-dependent physicochemical and opto-electronic properties [66] . Septina et al. fabricated a series of Cu(In,Ga)S 2 films with different amounts of Ga using spray pyrolysis followed by sulfurization. With the increased concentration of Ga, the PEC performance of Cu(In,Ga)S 2 film was first improved and then decreased. Pt-CdS/Cu(In,Ga)S 2 photocathode with the Ga/(In + Ga) ratio of 0.25 showed both the maximum photocurrent density of 6.8 mA/cm 2 (at 0 V vs RHE) and the highest onset potential of 0.89 V vs RHE. The best PEC activity should be ascribed to the relatively wide interface bandgap and much larger grains [67] . The compositiontunable Cu 1−x AgxGaS 2 and (CuGa) 1−x Zn 2x S 2 electrodes were also developed as photocathodes for water splitting. It was demonstrated that the band structure and PEC property were closely related to the composition [68, 69] .
Surface modification
It should be noticed that in order to achieve high PEC activity and good stability, the surface modification is indispensable for copper-based chalcogenide photocathodes. The general strategies of the surface modification include forming a p-n junction, depositing a protection layer, and loading a HER catalyst. As known, p-type copper-based chalcogenide film is always modified with an n-type semiconductor to form a p-n junction, so as to promote the charge separation. Commonly, the n-type semiconductor is CdS. For instance, Moriya et al. prepared a CuGaSe 2 pho- toelectrode by co-evaporation and modified it with CdS by a chemical bath deposition. CdS deposition could greatly improve the photocurrent and onset potential in the CuGaSe 2 photocathode, possibly owing to the increased thickness of the depletion layer at the solid-electrolyte interface, which played a principal role in charge separation. Meanwhile, the Pt/CdS/CuGaSe 2 electrode could generate a stable photocurrent for more than 10 days under visible light irradiation [28] . Although high efficiencies could be achieved for CdS-modified photocathodes, substitution of CdS with environment-friendly n-type layers would be advantageous for the practical application due to the high toxicity of Cd. Gunawan et al. investigated the surface modification of CuInS 2 thin film with an ntype In 2 S 3 layer for PEC water splitting. The as-prepared Pt-In 2 S 3 /CuInS 2 photoelectrode showed much higher efficiency than Pt-CdS/CuInS 2 , indicating that n-type In 2 S 3 should be an ideal alternative to replace CdS [70] . In addition, n-type ZnS was also demonstrated to be efficient modifier to promote the PEC performances of CuInS 2 and CuGa 3 Se 5 photocathodes [27, 62] . The band alignment between p-type copper-based chalcogenide and n-type modifier played a vital role in the charge separation. Mali and coworkers fabricated p-type CIGS films by co-evaporation route and modified them by the deposition of an n-type CdS layer and an additional ZnO layer. It was claimed that the obtained type II cascade band structure yielded the optimal PEC performance with the highest photocurrent density of −32.5 mA/cm 2 (−0.7 V vs Ag/AgCl) at a pH of 9 [71] . Sivula's group systematically discussed the role of surface modifications in enhancing the charge separation of nanocrystalline CZTS photocathodes. It was demonstrated that ZnSe and CdSe coatings gave rise to better photocurrent compared to conventional CdS-modified CZTS thin film. The increased performance of the CZTS/CdSe electrode should be ascribed to a larger conduction band offset (CBO) between CZTS and CdSe, which increased the driving force for charge separation. As ZnSe buffer layer was used, superior charge separation might be achieved owing to the charge transfer through midgap states or bands realignment upon illumination. Therefore, higher photocurrents were achieved due to the type II band alignment at the CZTS/buffer layer interface [72] .
Zou and coworkers examined the band positions and PEC properties of CZTS thin films prepared by the ultrasonic spray pyrolysis method. The determined conduction band of CZTS was 0.26 eV higher than that of CdS, which indicated that a type II band alignment and a cliff-like CBO were formed between CZTS and CdS. It was believed that compared to the spike-like CBO in CdS/CIGS, the clifflike offset would give rise to the serious charge recombination at the CdS/CZTS interface and lower the PEC property. In order to achieve high efficiencies, developing ntype semiconductor with suitable conduction band edge to couple with CZTS is thus indispensable [73] . Similarly, in the study of In 2 S 3 /CuInS 2 and CdS/CuInS 2 photocathodes for water splitting, spectroscopic evaluation of conduction band offsets uncovered that a cliff-type offset was formed in CdS/CuInS 2 ( Figure 9A ), whereas In 2 S 3 /CuInS 2 had a positive notch-type CBO ( Figure 9B ). In the case of clifftype band alignment, the photogenerated electrons on the conduction band minimum (CBM) of CuInS 2 would lose some energy when transported to CBM of CdS, and led to an increased probability of cross recombination with the holes on VBM of CuInS 2 due to the relatively narrow energy. This interface recombination could be suppressed at the notch-type junction of In 2 S 3 /CuInS 2 since the energy difference between CBM of In 2 S 3 and VBM of CuInS 2 was sufficiently large. Hence, the superior PEC performance of In 2 S 3 /CuInS 2 compared to CdS/CuInS 2 should be ascribed to the formation of a better heterojunction [74] .
Based on the above discussion, it can be observed that two basic mechanisms were proposed to elucidate the charge separation behavior between a p-type copperbased chalcogenide and an n-type modifier. A few of researchers believed that a type II band alignment with a cliff-like CBO would facilitate the charge transfer [71, 72] . Nevertheless, some researchers believed that the cliff-like offset would result in the serious charge recombination at the interface and lower the PEC efficiency. It was considered that the spike-like (notch-like) CBO with the CB position of n-type modifier, a little higher than that of p-type copper-based chalcogenide, would effectively avoid the interface charge recombination, leading to a better PEC performance [73, 74] . We believe that the charge separation efficiency through the p-n junction was closely influenced by both the band alignment and the interface states between the p-type copper-based chalcogenide and the ntype semiconductor. In different reported studies, the interface states could be varied, which would lead to different charge separation efficiencies. Therefore, further study should be carried out to clarify the fundamental mechanism of charge transfer through the p-n junction.
To achieve the large-scale application, excellent durability of copper-based chalcogenide photocathodes should be indispensable. Although the selfphotooxidation can be partially avoided due to cathodic protection for the photocathodes, the stability of copperbased chalcogenides in water under illumination is still a major problem. The instability always occurred at the photoelectrode/electrolyte interface because the local environment at the interface tended to be rather hostile owing to the surface redox reactions [75] . One effective approach to improve the stability is depositing a stable metal-oxide layer on the surface to prevent the contact of copper-based chalcogenide with the electrolyte [76] . In addition to the stability, the protection layer should be transparent. The band edges should match those of the p-type photoabsorber so that photogenerated electrons in the photoabsorber can be easily injected to the protection layer. An efficient charge transfer through the protection layer is also needed.
It has been demonstrated that the stable TiO 2 film should be a useful protection layer for the fragile copperbased chalcogenide photoelectrodes. As illustrated in Figure 10 , Azarpira et al. presented a transparent conductive oxide Pt implemented TiO 2 layer modified CIGS chalcopy-rite thin film for efficient and stable solar-driven hydrogen generation in a three-electrode setup. Pt nanoparticles could be identified in the TiO 2 thin film through TEM analysis. Under illumination, a charge carrier separation was caused in the space charge region at the composite interface. High IPCEs of more than 80% could be achieved over the full visible light range in an acidic electrolyte (pH 0.3), and no degradation was observed over more than 24 h of testing. It was summarized that thin films of Pt implemented phase-pure anatase TiO 2 layer could simultaneously optimize the conductivity of the films, the electrocatalytic activity, and the light guidance towards the chalcopyrite. Therefore, high photocurrent density, good stability, and anodic onset potential were achieved for TiO 2 :Pt-CIGS composite photoelectrodes towards PEC water splitting [77] .
Neumann and coworkers introduced a niobiumdoped NbxTi 1−x Oy film to protect the CIGS absorber. It was revealed that NbxTi 1−x Oy oxide films had a transparency of more than 90% and a low resistivity. A high degree of freedom in niobium atom insertion existed for this material, and it showed a good stability against water and UV light. The developed NbxTi 1−x Oy front contact in the CIGS tandem cell thus served as an effective protection layer and reactive interface, which allowed the efficient reduction of protons to hydrogen [78] . Besides the stable TiO 2 as the protection layer, Yang et al. carried out the surface modification of polycrystalline CuInS 2 thin films with photocatalytically active g-C 3 N 4 films for the first time. Although the cathodic photocurrent was reduced, the stability of CuInS 2 electrode was significantly improved by the deposition of g-C 3 N 4 . The photocurrent of g-C 3 N 4 /CuInS 2 composite electrode was stable for 22 h in 0.1 M H 2 SO 4 aqueous solution. It was considered that the network of nanoporous g-C 3 N 4 crystallites could strongly protect the CuInS 2 substrate from degradation and photocorrosion under acidic conditions [79] .
For most of copper-based chalcogenide photocathodes, deposition of noble-metal Pt on the surface as the HER catalyst was indispensable to promote the PEC water reduction because it could efficiently capture the photogenerated charges, and decrease the overpotentials for the surface reaction. However, the high price and low reserve of Pt restricted the large-scale application. Therefore, developing highly efficient noble-metal-free HER catalysts (such as MoSx, WSx, NiSx) for copper-based chalcogenide photocathodes should be carried out in the future [80] [81] [82] [83] .
Impurity elimination
The impurities such as binary compounds were always unavoidable in the synthesis of copper chalcopyrite and kesterite semiconductors, which would have a negative influence on the PEC properties. Therefore, seeking effective routes to eliminate the impurities is critical to improve the PEC performance. Guan 
Morphology design
Morphology design for copper-based chalcogenide photocathodes can provide a feasible approach to tune their light absorption property, charge transport behavior, and surface reaction rate for PEC water splitting. The vertically aligned one-dimensional or two-dimensional nanostructures are of particular interest for the PEC application because they are capable of capturing more light and facilitating the charge separation and transport. Moon and coworkers used a template-assisted growth and transfer process to prepare vertically aligned CuInS 2 nanorod arrays, and demonstrated the surface-modified CuInS 2 nano-array as a photocathode with reliable PEC property for the first time. By implementation of CdS and ZnS surface modification, the PEC properties of CuInS 2 nanorod arrays could be greatly improved [86] . Li et al. presented a scalable route for the synthesis of single crystalline CZTS nanosheet arrays by using CuS nanosheets as a sacrificial template. As illustrated in Figure 11A , the crystalline nanosheets owned high conductivity, leading to reduced charge transfer resistance and increased carrier collection efficiency. Meanwhile, the nanosheets possessed large surface area, which could reduce the minority carrier diffusion length to the electrolyte. Furthermore, the nanosheet arrays could effectively improve light absorption due to increased optical length. Consequently, a high photocurrent density of −1.32 mA/cm 2 was achieved at 0 V vs RHE under illumination of AM 1.5 ( Figure 11B ), which is the highest value reported for the bare CZTS photoelectrode [87] . Wen et al. successfully synthesized the dense and the porous polycrystalline CZTS photocathodes by tuning the thiourea/zinc ratios via a facile metal organic decomposition method. It was revealed that the porous structure resulted from the decomposition of excess amount of thiourea. Compared to the dense electrode, the porous CZTS photocathode exhibited 3 times higher photocur- rent due to the shorter transport distance of minority carriers [88] . Ma and coworker prepared a CZTS photoelectrode by sulfurizing the electroplated Zn/Sn/Cu/Mo-mesh precursor. It was found that the surface morphology and PEC property of the CZTS film could be changed by tuning the pH of the Zn electroplating solution. The CZTS thin film with a hollow-column morphology showed the highest photocurrent due to an increased surface area and easier transfer of photogenerated holes [89] .
In summary, various copper-based chalcogenide photocathodes and modification strategies have been examined, and a rapid progress has been achieved in the last 5 years. The HC-STH efficiency reaches 8.5%, and the most stable photocathode can last for 20 days. These results verify the attractive potential of copper-based chalcogenide materials in PEC water splitting. To make a direct comparison, the PEC properties and reaction conditions of the representative copper-based chalcogenide photocathodes are listed in Table 1 .
5 Tandem PEC cells using copper-based chalcogenides for water splitting
p-n tandem cell
The above analysis revealed that copper-based chalcogenides could serve as efficient photocathodes for water reduction. However, due to the shallow VBM, a sufficient external potential should be added for overall water splitting. In order to achieve PEC water splitting without an externally applied bias, the p-type photocathode could be integrated with an n-type semiconductor photoanode to form a p-n tandem PEC cell [90, 91] . For this system to work, it is essential that the CBM of the n-type semiconductor must be higher than the VBM of the p-type copperbased chalcogenide, so that the electrons could flow in the external circuit [92] . Kudo and coworkers have combined CoOx-loaded BiVO 4 photoanode with various copper-based chalcogenide photocathodes to form p-n tandem cells. First, it was demonstrated that the graphene oxide-modified CuGaS 2 composite photocathode possessed electrochemically sufficient onset potential so as to fabricate a tandem cell with CoOx-loaded BiVO 4 photoanode for water splitting without an external bias. It was observed that the photocurrent was gradually improved with the increased external bias between the photocathode and the photoanode. Continued on next page Continued on next page In particular, the photocurrent without any external bias could be expected, indicating the feasibility of this p-n tandem cell [93] . Further, they demonstrated PEC water splitting by coupling the Ru-loaded Cu 0.8 Ag 0.2 GaS 2 photocathode with the CoOx-loaded BiVO 4 photoanode in a one-pot cell without an external bias. The tandem PEC cell exhibited stable photocurrent for the reaction time longer than 15 h under simulated sunlight irradiation, and the amount of generated hydrogen agreed well with the photocurrent, indicating that an energy conversion reaction proceeded. The solar energy conversion efficiency was determined to be 0.005% [68] . To improve the PEC performance, a Ru-loaded (CuGa) 0.5 ZnS 2 photocathode was then combined with a CoOx-modified BiVO 4 photoanode to form a p-n tandem cell ( Figure 12A ). Stoichiometric amounts of hydrogen and oxygen were evolved under simulated sunlight irradiation without any applied bias (Figure 12B ). The solar energy conversion efficiencies with 0 and 0.4 V of the external bias were 0.016 and 0.029%, respectively. Meanwhile, almost 100% of the Faradaic efficiency and good stability were achieved for this tandem PEC cell [69] . Recently, Kim and coworkers presented a tandem system comprised of Pt/CdS/CuGa 3 Se 5 /(Ag,Cu)GaSe 2 photocathode and NiOOH/FeOOH/Mo:BiVO 4 photoanode in a neutral phosphate buffer solution. The prepared semitransparent Mo:BiVO 4 layer allowed sunlight to pass through the top photoanode and reached the bottom photocathode. Consequently, the tandem cell exhibited stoichiometric hydrogen and oxygen evolution with a STH conversion efficiency of 0.67% over 2 h without noticeable degradation. This efficiency is one of the largest values ever reported among PEC tandem cells with the similar configuration [94] . Jiang et al. introduced a twoelectrode system to achieve the bias-free water splitting using a Pt/In 2 S 3 /CdS/CZTS photocathode for the first time. A two-electrode system was fabricated by simply connecting Pt/In 2 S 3 /CdS/CZTS photocathode and BiVO 4 photoanode through a conducting wire, which generated stoichiometric amounts of H 2 and O 2 without an applied external bias. The power conversion efficiency in the present system was determined to be 0.28%. It was implied that the PEC performance could be improved by introducing a photoanode with relatively negative onset potential to combine with Pt/In 2 S 3 /CdS/CZTS photocathode [59] . Menezes et al. claimed that Cu 2 Se(In 2 Se 3 )n (CISe) films could be either p-or n-doped so as to fabricate a p-n tandem cell for PEC water splitting. It was believed that the p-CISe and nCISe-based bi-hybrid photoelectrodes might be combined into side by side or tandem configurations to increase the cell voltage. The solar-matched bandgap of CISe films could potentially enhance the voltage sufficiently to realize spontaneous photoelectrolysis [95] .
PV/PEC tandem cell
As discussed above, combining the copper-based chalcogenide photocathode with a suitable photoanode to construct a p-n tandem cell is a promising way to achieve PEC water splitting without any external bias. However, the reported STH efficiencies are quite low (< 1%) at present, possibly because it is hard to fabricate two photoelectrodes well-matched in the same electrolyte and the generated photovoltage in the p-n tandem cell is usually too small to drive the reaction of water splitting efficiently [96] . An alternative approach is to couple PV devices with the copperbased chalcogenide photocathode to form a PV/PEC tandem cell in which PV device could provide sufficient voltage for solar water splitting. This route provides a good compromise between device performance, stability, and complexity. A typical PV/PEC tandem cell can be constructed by simply wiring the photocathode and PV cell together, or fabricated in a monolithic geometry [21, [97] [98] [99] [100] .
Researchers in Hawaii Natural Energy Institute proposed a monolithic PV/PEC tandem device, which was composed of a semiconductor photoelectrode, a conductive interface layer, PV cell(s), a primary substrate material, and a catalytic back-surface CE ( Figure 13 ) [101, 102] . In the case of using p-type copper chalcopyrite photoelectrodes, hydrogen would be evolved on the PEC electrode, providing a degree of cathodic protection for preventing photocorrosion, and oxygen would be evolved on the catalytic counter electrode. Similar photoconversion performances of CIGS thin films operated in a PEC configuration and a PV solar cell validated the formation of an efficient PEC junction at the CIGS-electrolyte interface. However, CIGS was not quite suitable for monolithically stacked PV/PEC device because its narrow bandgap of 1.4 eV led to poor photogenerated voltage and insufficient transmittedlight to drive underlying PV layers. It was suggested that the optimal bandgap of a copper chalcopyrite-based PEC absorber in a monolithic stack PV/PEC device should be between 1.7 and 2.2 eV to balance the solar absorption by each layer [101] . Therefore, various parameters regarding utilization of CuGaSe 2 photoelectrodes with a bandgap of ca. 1.7 eV in the PV/PEC tandem system were examined. Constituent components of the proposed integrated hybrid PV/PEC device were first characterized, and then combined theoretically through electronic and optical models to demonstrate the feasibility of the tandem device. The stimulated results revealed that robust CuGaSe 2 photocathodes could be coupled with either CIGS or possibly CuInSe 2 to generate a hybrid PV/PEC system for water splitting, and a photocurrent up to 15.87 mA/cm 2 could be expected by the optimal utilization of incident light. Although the proposed tandem cell could not provide all external voltage to drive the water splitting, it could greatly decrease the required potential to make the PEC water splitting more economically feasible [103] . In addition, they successfully fabricated coplanar hybrid PV/PEC device based on copper chalcopyrite materials for water splitting. The required bias for single photocathode was offset, and a high photocurrent could be achieved. For instance, a coplanar PV/PEC device made of a CuGaSe 2 photocathode and Si solar cells was prepared and tested for water splitting in a two-electrode configuration under AM 1.5 G outdoor conditions. A photocurrent density of 3.5 mA/cm 2 was finally obtained corresponding to a STH benchmark efficiency of 3.7%. Although the hybrid coplanar design could allow water splitting with a high photocurrent, solar energy was not efficiently utilized in this system compared to the monolithic stack device [104, 105] . Jacobsson and coworkers proposed another kind of PV/PEC cell for water splitting. As displayed in Figure 14A , three CIGS-based PV cells were connected in series into a monolithic device, and then integrated with a catalyst. The interconnected PV cells could provide sufficient driving force for PEC water splitting. When the as-prepared PV/PEC device was immersed in water under AM 1.5 solar illumination, a STH efficiency over 10% could be achieved for unassisted water splitting. As shown in Figure 14B , vigorous bubble generation could be observed. Meanwhile, the low stability of CIGS absorber in the electrolyte could be overcome by encapsulating the absorber module into a protection setup. It was inferred that this efficient PV/PEC device could be easily developed from a CIGS-based PV/electrolysis system by only performing small changes because they owned the same fundamental processes. The obtained results indicated that the series interconnected device concepts could provide a simple approach towards highly efficient water splitting, and could be extended to other solar absorbers with good opto-electronic properties [106] . Recently, Luo and coworkers demonstrated a panchromatic PV/PEC tandem water-splitting cell comprising a semi-transparent and high open-circuit voltage perovskite solar cell and a state-of-the-art CIGS photocathode, which led to a STH conversion efficiency of 6%, which is the highest value obtained for a PV/PEC device using only one single-junction solar cell as the bias source under one sun illumination. The analysis showed that the efficiency could reach more than 20% through further optimization [107] .
Summary and prospect
As exemplified in this review, copper-based chalcogenides mainly composed of copper chalcopyrite and kesterite semiconductors have been demonstrated to be efficient photocathode materials for PEC water splitting. A basic examination of the physicochemical properties such as crystal structure, defect state, and optical property have provided a fundamental understanding about the favorable properties of copper-based chalcogenides for water reduction. In the last decade, significant progress has been achieved in this expanding research area. The HC-STH efficiency has rapidly reached 8.5%, and the most stable photocathode can last for 20 days without the obvious photocurrent decay. Of particular interest, the modification strategies play a vital role in improving the PEC performance. Composition tuning can easily change the band structures, giving rise to the optimal photocurrent and onset potential. Surface modifications, including pn junction construction, protection layer deposition, and HER catalyst loading can effectively improve the charge separation, enhance the stability, and accelerate the surface chemical reaction. Impurity elimination is an effective route to improve the purity of copper-based chalcogenide materials for the efficient charge transfer. Morphology design can provide a feasible approach to tune their light absorption property, charge transport behavior, and surface reaction rate. However, as the valence band edges of copper-based chalcogenide materials lie above the water oxidation potential, a large external bias is always needed for the efficient PEC water splitting. In order to achieve unassisted water splitting, p-n and PV/PEC tandem cells have been developed. A STH efficiency over 10% can be obtained by introducing an interconnected PV/PEC tandem configuration. These results verify the attractive potential of copper-based chalcogenides in the practical PEC hydrogen production system.
At present, several drawbacks still exist for the practical application using copper-based chalcogenides for PEC water splitting. More work should be carried out to understand the fundamental principles, improve the activity and stability, as well as reduce the cost and toxicity. Forming a p-n junction is a useful approach to improve the activities of copper-based chalcogenide photocathodes. However, the working principle is not well un-derstood, and the proposed mechanisms in the literature are not consistent. Further studies should be performed to elucidate the underlining principle of the p-n junction so as to boost the PEC performance. In addition, developing more suitable n-type semiconductors instead of CdS should be essential due to the high toxicity of Cd. Although several strategies have been applied to improve the PEC performance of copper-based chalcogenides, coupling different modification strategies to systematically optimize the light absorption, charge separation, and surface chemical reaction should be carried out in the future. The stability of copper-based chalcogenide materials in the electrolyte is an important issue for PEC water splitting. Relatively good stability has been demonstrated by depositing a TiO 2 film as the protection layer. Detailed examination of the optimal fabrication parameters and physicochemical properties of the protection layer should be executed to further improve the stability.
With regard to the cost, most of the efficient copperbased chalcogenide photoelectrodes consisted of scarce indium and gallium, and platinum is always indispensable as HER catalyst to promote the water reduction, which inevitably restricted the practical application. Hence, more efforts should be devoted to improve the efficiencies of alternative photoelectrodes with abundant elements such as CZTS, as well as exploit appropriate noble-metalfree HER catalysts. Seeking economical and scalable nonvacuum method is also indispensable to reduce the fabrication cost. Meanwhile, investigation of the matching principles of p-type copper-based chalcogenides and ntype semiconductors in a p-n tandem cell should be performed to achieve highly efficient PEC water splitting without any external bias. Overall, it is expected that this comprehensive review can provide some insights of fundamentals and recent progress of copper-based chalcogenide thin films for PEC water splitting, and help advance the research in this expanding area.
